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Chapter 2
Socio-economic and Environmental 
Implications of Renewable Energy 
Integrity in Oman: Scenario Modelling 
Using System Dynamics Approach

Aisha Al-Sarihi and Hafiz Bello

Abstract  Oil and gas resources have played crucial role in boosting Oman’s econ-
omy as well as meeting domestic energy needs. However, increasing domestic 
energy demands have created pressure on national energy supplies and made the 
search for alternative energy sources such as renewables ever more important. 
Aware of this challenge, investors, researchers and government have developed few 
renewable energy (RE) initiatives. However, RE accounts for less than 1% of total 
power generation in Oman. Importantly, socio-economic and environmental impli-
cations of RE, which could boost its uptake, are still under-researched. Using sys-
tem dynamics approach, this chapter develops four RE integrity scenarios  – i.e. 
business-as-usual, moderate, advanced and ambitious – and examines its long-term 
implications on economy, society and environment. The findings gained from long-
term energy scenario analysis reveal that, under moderate, advanced and ambitious 
scenarios, new renewable energy jobs can be created by 2040 and natural gas con-
sumption for electricity generation was estimated to decline by more than 60% by 
2040 compared to the business-as-usual scenario. If no renewables are considered 
in the future energy mix, however, the total CO2 emissions are expected to signifi-
cantly rise by 2040 compared to 2010.
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1  �Introduction

Like its neighbouring countries of the Gulf Cooperation Council (GCC) – Bahrain, 
Kuwait, Qatar, Saudi Arabia and the United Arab Emirates – Oman’s economy has 
been highly reliant on oil and gas export revenues. Since their discovery, fossil fuel 
resources, namely, oil and gas, have been accounting for nearly 99% of total energy 
mix to meet the domestic energy needs. In recent years, however, the GCC states 
have exhibited signs of unsustainable1 energy use such as energy security associated 
with increasing domestic energy demands and increasing per capita carbon emis-
sions due to heavy reliance on fossil fuels. Despite GCC’s vast resources of renew-
able energy, the use of renewable energy in total electricity installed capacity did not 
exceed 1% of total power capacity in 2014 (El-Katiri 2014; IRENA 2016).

The abundance of oil and gas resources has restricted the attention of investors, 
researchers and governments to develop alternative energy sources such as renew-
ables. However, in recent years, research on the development and implication of 
renewable energy in the GCC countries is continuously growing (Alawaji 2001; 
Al-Karaghouli 2007; AER 2008; Bilen et  al. 2008; Nalan et  al. 2009; Chiu and 
Chang 2009; Ghorashi and Rahimi 2011; Al-mulali 2011; Anagreh and Bataineh 
2011; Bataineh and Dalalah 2013; El Fadel et al. 2013). One of the key challenges, 
however, facing many of the regional countries is the lack of structured tool to aid a 
systemic account of energy policy and planning. The only recognised tools that 
have been attempted to aid energy planning in GCC countries are Long-range 
Energy Alternatives Planning (LEAP) system (El Fadel et  al. 2013), Energy-
Economy-Environment Modelling Laboratory (E3MLab) (Fragkos et  al. 2013), 
panel data analysis model (Al-mulali 2011; Arouri et al. 2012) and techno-economic 
modelling of PV/battery systems (Al-Saqlawi 2017).

While some of these models are capable of giving valuable insights into analysis 
of energy demand and supply in an economy, they are, however, not able to account 
for the dynamics relating to connecting the power sector with society and the envi-
ronment, since they are largely based on a static economic modelling approach. 
Indeed, Al-Saqlawi (2017) provided a systemic account of socio-economic and 
environmental implications of renewable energy development in Oman. However, 
the study was mainly focused on one technology type, i.e. solar photovoltaic (PV), 
focused on the residential sector only and evaluated the socio-economic and envi-
ronmental implications against one point of time without extending to study the 
long-term implications. Thus, this chapter investigates the intersection between 
Oman’s electric power sector and economic, social and environmental domains. By 
so doing, the chapter develops scenarios to assess the long-term implications of 
renewable energy integrity in Oman’s future fuel mix particularly in the electric 
power sector. System dynamics methodology is employed to build the scenarios and 
to provide a systemic account for economic, social and environmental implications 
of renewable energy uptake in Oman.

1 Sustainable development in this chapter refers to the definition in the Brundtland Commission 
Report of 1987: development that meets the needs of the present without comprising the ability of 
future generations to meet their needs (Brundtland 1987).
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2  �Oman: Power Sector and Renewable Energy

2.1  �Fossil Fuels and Oman’s Electric Power Sector 
(1970s–2018)

The evolution of Oman’s electric power system is highly correlated to the discover-
ies of oil and gas resources since the 1960s. The first power and desalination plant 
was established in 1975 in Al Ghubra, with an initial capacity of 25.5 MW of elec-
tricity and 6 million gallons of desalinated water. The plant was initially fired by 
diesel before its upgrade in 1980s. That upgrade converted the plant from diesel to 
natural gas and increased the capacity to 294 MW and 12 million gallons of water. 
In 1986, due to demand for water that outpaced supply, two new water units were 
constructed to double the production capacity to 24 million gallons. Initially, the Al 
Ghubra project principally supplied the capital city (Allen and Rigsbee 2000).

A new Ministry for Water and Electricity Regulation was established in 1978. 
The new ministry extended the construction of power stations to areas beyond the 
capital city, including some northern parts of Oman, building a 250 MW station to 
serve the Rusayl Industrial Estate, the 26.5 MW Wadi Al Jizzi station serving resi-
dential sector and a 53 MW station serving a copper refinery and Sohar. Another 22 
locations outside the capital city were also supplied with about 27 MW by diesel-
powered generation plants (Allen and Rigsbee 2000). The development of the 
national grid in the 1990s connected the capital city with other distributed genera-
tion plants and led to the establishment of new power projects to meet growing 
electricity and water demands.

In 2005, the Authority for Electricity Regulation was established to undertake 
the regulation of the newly restructured electricity sector. Likewise, the Public 
Authority for Electricity and Water was established to handle all of the sector’s legal 
responsibilities, which were previously enacted by the Ministry for Water and 
Electricity Regulation. Up to 2018, the Authority for Electricity Regulation regu-
lates the electricity sector under the new Sector Law, which was approved by the 
Council of Ministers in 2004 to oversee the development of regulation and progres-
sive privatisation of the electricity and related water sectors (IBP Inc. 2015).

The new electricity sector consists of three markets: the Main Interconnected 
System (MIS), which serves the majority of customers residing in the northern part 
of the county; the rural areas market, which serves rural areas in Oman; and the 
Dhofar electricity market, which serves the southern part of Oman. Generation, 
transmission and distribution companies were unbundled under the new electricity 
market, except for those in the rural electricity market. Under the 2004 law, Oman 
Power and Water Procurement Company (OPWP) is the only entity that buys 
electricity from all licensed electricity generation companies under long-term con-
tracts of power purchase, which span 15 years on average, and sells bulk electricity 
supplies to electricity distribution companies (AER 2008). The Oman electricity 
distribution market has been monopolised by four licensed, state-owned electricity 
distribution companies, i.e. Muscat, Majan, Mazoon and Dhofar, that have the right 
to buy the bulk supply of electricity from OPWP in order to distribute electricity 
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within their authorised areas. The legislation stipulates that the electricity distribu-
tion companies can only purchase their electricity from the OPWP (Royal Decree 
78/2004 2004).

Electricity generation is characterised by high reliance on hydrocarbon-based 
technologies such as open cycle gas turbine (OCGT) and closed cycle gas turbine 
(CCGT). The main national grid, i.e. MIS, consists of a total of 11 plants, which 
generate electricity from natural gas (OPWP 2015). Of those, five are operational 
OCGT plants with a total generation capacity of 1945 MW and six are CCGT plants 
with a total generation capacity of 5171 MW (OPWP 2015). The electricity genera-
tors purchase their gas requirements from the Ministry of Oil and Gas. The contri-
bution of natural gas in the fuel mix for electricity generation accounted for more 
than 97% in 2011, while the diesel, which is used in off-grid plants to generate 
electricity for rural areas or as backup for grid-connected plants during peak peri-
ods, contributed just less than 3% (Fig. 2.1) (AER 2011).

2.2  �Rising Energy Challenges

The high dependence on available natural gas and diesel resources to fire power 
plants along with highly subsidised fossil fuel-based energy services such as elec-
tricity has created new challenges for Oman’s power sector. These include energy 
security, economic vulnerability to oil prices and increasing greenhouse gas 
emissions.

In a total area of 309,501 km2, the population of Oman almost doubled from 2.34 
million in 2003 to 4.24 million in 2013 (World Bank 2013a). Population growth, the 
semiarid environment of Oman, the need for air conditioning, the increase in the 
standard of living, expansion of energy-intensive industrialization, introduction of 
new households and infrastructure investments and highly subsidised electricity ser-
vices have been driving the annual growth of power demand by double digits. 
Oman’s annual growth of power demand was projected to be 10% between 2013 

Natural gas, 97.5%

Diesel, 2.5%Fig. 2.1  Fuel mix for 
electric power generation 
in Oman in 2011. (Source: 
Author based on data from 
AER (2011))
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and 2020 (OPWP 2014). Meanwhile, the peak power demand is expected to increase 
at 11% annually in the same period. Since the 2005 market restructuring, the num-
ber of electricity accounts has increased by 116.6% (AER 2017), and electricity 
supply in 2017 reached 32.3 TWh, 240% higher than in 2005 (Fig. 2.2). Residential 
customers accounted for 46.0% of total supply in 2017, compared to a 55.2% share 
in 2005. In return, natural gas used for electricity generation has increased from 
104.4 billion Scf in 2000 to 295 billion Scf in 2015 (AER 2011; NCSI 2015), and 
the domestic share of natural gas consumption by the power sector increased from 
19.1% in 2000 to 21% in 2014 (NCSI 2015).

Due to the increasing demand on domestic natural gas supplies and because 
Oman has very small oil and gas reserves compared with other gulf countries along 
with the country’s long-term contracts and commitments to export natural gas, 
Oman has already started to import natural gas from Qatar via the Dolphin pipeline 
system since 2008 (EIA, US 2013). Further, Oman has signed a memorandum of 
understanding with Iran to import gas. Oman’s crude oil reserve to production ratio 
(R/P ratio) is equal to 14 years, and its natural gas R/P ratio is equal to 27 years 
(IRENA 2016).

Furthermore, the increasing demands on oil and gas for power generation divert 
the allocation of oil and gas commodity for local use rather than export. Giving 
Oman’s narrow export profile characterised by high proportion of oil and gas, the 
allocation of oil and gas for domestic use directly impacts Oman’s economy which 
is highly reliant on oil and gas export revenues. This challenge is in line with the 
economic vulnerability to oil price shocks. In other words, as oil prices rise, the 
economic revenues go up and so governmental spending on salaries and invest-
ments. When the prices decline, and giving Oman’s narrow export profile, the state 
budget is directly impacted and so the governmental spending. Austerity measures 
to eliminate the negative effects of low oil prices, however, affect the employment 
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Fig. 2.2  Dynamics of electricity production and consumption in Oman (1980–2017). (Source: 
Author own with data from Statistical Year Book (NCSI 2012, 2015, 2018))

2  Socio-economic and Environmental Implications of Renewable Energy Integrity…



22

in both public and private sectors especially that the private sector in Oman is 
directly connected to the public sector.

Domestic consumption of hydrocarbon resources, mainly oil and gas, has also 
contributed to incremental increases in Oman’s total carbon emissions due to 100% 
reliance on these resources to meet increasing domestic energy needs. Oman is not 
a major contributor to global total greenhouse gas (GHG) emissions, but it is ranked 
among the highest in the world in terms of per capita carbon emissions (World Bank 
2013b). In 2013, Oman, for example, was ranked 13th globally in terms of per 
capita CO2 emissions (World Bank 2013b). The total greenhouse gas emissions in 
Oman have increased by 452.28% between 1970 and 2012 and are projected to 
grow by an average of 5% per year (World Resources Institute 2014). The energy 
sector accounted for 90% of total GHG emissions in 2014 due to 100% reliance on 
hydrocarbons, followed by emissions sourced from bunker fuels, industrial activi-
ties, agriculture and waste (World Resources Institute 2014). Renewable energy, if 
managed properly, could provide solution to the aforementioned challenges, i.e. 
energy security, employment and increasing GHG emissions. Therefore, the pur-
pose of this chapter is to assess the role of renewable energy to address these par-
ticular challenges.

2.3  �The Current Status of Renewable Energy in Oman

Aware of the arising economic, social and environmental challenges associated with 
100% reliance on hydrocarbons, the Omani government has started to pay attention 
towards developing alternative energy resources such as renewables. In 2008, 
Oman’s Authority for Electricity Regulation launched a study to assess the potential 
renewable energy resources in Oman. The study indicates the existence of signifi-
cant renewable energy resources in Oman, especially wind and solar. The AER 
(2008) study indicates that the solar energy density in Oman is among the highest in 
the world. The solar insolation varies from 4.5 to 6.1 kWh/m2 on a daily basis, 
which corresponds to 1640–2200 kWh per year. The highest potential is concen-
trated in northern Oman and in desert areas, which cover 82% of the country, while 
the lowest is in the southern coastal area.

The AER (2008) study identified two solar technologies suited to the environ-
mental conditions in Oman: photovoltaic (PV) systems and solar thermal plants or 
concentrated solar power (CSP). Under the assumption that 50% of the houses in 
Oman are suitable for PV installation and that an area of 20 m2 is available at each 
house, the same study estimated that the total potential area would provide space for 
an installation capacity on the order of 420 MW and annual electricity production 
of 750 GWh (AER 2008). CSP systems, on the other hand, concentrate solar insola-
tion in order to produce steam, converting kinetic power into electricity as in con-
ventional power plants. The advantage of CSP systems is that they store heat 
recovered during the day for use at night, enabling continuous electricity produc-
tion. The AER (2008) study indicated that 1 km2 of land is required to install CSP 
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power plant of 10 MW capacity. Accordingly, if ~280 km2 of desert area (0.1% of 
the country’s land area) are used to build CSP plants, around 13,900 GWh can be 
produced (AER 2008). Further, the AER (2008) study identified significant wind 
energy potential in coastal areas from Masirah to Salalah in Southern Oman and in 
the Dhofar mountain chain north of Salalah. Theoretically, it is estimated that the 
installation of 375 wind turbines with 2 MW capacity, 80 m hub height and 90 m 
rotor diameter in Oman would have a technical generation potential of at least 
750 MW and require a wind farm land area of approximately 100 km2, preferably 
installed in the available lands in the mountains north of Salalah or at Sur; this cor-
responds to 20% of the total electricity generation in Oman in 2005 and around 
0.03% of the country’s land area.

From the above discussion, it appears that if all available solar and wind resources 
have been harnessed, a total of 3970 MW electricity capacity can be generated from 
renewables, which corresponds to around 48.2% of total electricity installed capac-
ity in 2018.

The release of a 2008 governmental study was followed by an introduction of 
two policy initiatives that aim to promote the uptake of renewable energy in Oman. 
On 16 March 2013, the Authority for Electricity Regulation (AER) announced the 
first policy to promote the integration of renewable energy in rural area energy sys-
tems. The goal of this first renewable energy policy was to promote the integration 
of renewable energy deployment into the current diesel-based energy system that 
provides electricity to remote and rural areas (AER 2013). The second policy initia-
tive, locally called the ‘Sahim’ scheme, was established by Oman’s AER in 2017 
(Viswanathan 2017). It enables individuals, such as homeowners and institutions, to 
produce solar electricity for use and surplus sale to electricity distribution compa-
nies at the cost of electricity. The present share of renewable energy in total electric-
ity installed capacity is less than 1% (author’s calculations).

In addition, in 2017, the Omani government has established a national committee 
to develop a national energy strategy aiming to investigate the possible integrity of 
alternative energy sources and reduce the dependence on domestic supplies of oil 
and gas (Prabhu 2018). The new fuel diversification strategy envisions a 10% share 
of renewable energy in power generation capacity by 2025, which equals to 
2600 MW, 3000 MW use of clean coal by 2030, as well as the use of petcoke and 
imported gas (Prabhu 2018). Although the strategy has been approved in 2018 
(Prabhu 2018), the strategy could benefit from a systemic account of intersection 
between the power sector and economic, social and environmental domains, which 
is currently missing. This is important to evaluate the extent at which the integrity 
of alternative energy sources could address the arising energy issues in Oman (see 
Sect. 2.2), namely, shortages in natural gas supplies, employment and increasing 
CO2 emissions (see Sect. 2.2). Therefore, this chapter positions itself to address this 
gap in Oman’s fuel diversification strategy and aims to provide a systemic account 
for the intersection between Oman’s electric power sector and economic, social and 
environmental domains. This is useful because it allows policymakers who repre-
sent different sectors to see a fuller picture in terms of the potential effects posed by 
the use of alternative energy sources.

2  Socio-economic and Environmental Implications of Renewable Energy Integrity…
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3  �Scenario Modelling Approaches

3.1  �From Linear to System Thinking

Since the early 1970s, a wide variety of models became available for analysing 
energy systems or subsystems (such as power systems) due to the sudden oil price 
increases. The high price of oil emphasised the need for coordinated developments 
of the energy systems and led to a number of modelling efforts for strategic plan-
ning. Since then models have been developed for different purposes – they were 
concerned with better energy supply system design given a level of demand forecast 
and better understanding of the present and future demand-and-supply interactions 
and energy supply planning (Bhattacharyya 2011).

Moreover, the recent challenges of climate change, security of energy supply and 
economic recession have triggered efforts to investigate the potential role of renew-
able energy to combat these issues by converting energy systems from dependency 
on fossil fuels to renewable energy sources (Lund 2007). A crucial element in this 
transformation is often to show coherent technology analyses of how renewable 
energy can be implemented and what effects renewable energy has on other parts of 
the energy system (Connolly et al. 2010). Different computer tools were developed 
to analyse the integration of renewable energy into various energy systems under 
different objectives. There are a large number of models from which a selection of 
scenario modelling tool can be challenging in this research (e.g. see Connolly et al. 
2010). To overcome this challenge, it is important to identify clear objectives of the 
model under question before selecting the relevant modelling tool. Therefore, the 
following paragraphs provide a discussion of the most relevant modelling tools that 
can be used to approach the specific objective of modelling exercise for energy 
policy as discussed in this chapter.

The Brookhaven Energy System Optimization Model (BESOM) is one of the 
early day applications that was developed at a country level for efficient resources 
allocation in the USA.  The first version of the model was implemented at the 
national level for a snapshot analysis of a future point in time. Later on, the capabil-
ity of the model was extended to include a macroeconomic linkage through an 
input-output table. Further, multiperiod or dynamic models have emerged. Market 
allocation (MARKAL) is a derivative of the BESOM model. In addition to country 
specific models, more generic models for wider applications, including MARKAL 
model, came into existence. The tradition of linking an econometric macroeco-
nomic growth model with an interindustry energy model was pioneered by Hudson 
and Jorgenson (1974).

In the mid-1980s, the focus was shifted to energy-environment interactions. At 
this stage, the energy models incorporated environmental concerns more elabo-
rately and the practice of long-term modelling (Bhattacharyya 2011). An example 
is Teri Energy Economy Environment Simulation Evaluation model (TEEESE) 
which was used in India for evaluating energy-environment interactions and pro-
ducing a plan for greening the development process in India (Pachauri and Srivastava 
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1988). In the 1990s, the focus shifted towards energy-environment interactions and 
climate change-related issues. During this period, the effort for regional and global 
models increased significantly and a number of new models came into existence. 
These include Asian-Pacific Model (AIM), second-generation model (SGM), 
RAINS-Asia model, Global 2100, DICE, POLES, etc. Existing models like 
MARKAL saw a phenomenal growth in application worldwide. Similarly, the 
LEAP model became the de facto standard for use in national communications for 
the United Nations Framework Convention on Climate Change (UNFCCC) report-
ing (Bhattacharyya 2011).

These early forms of energy models, however, were mainly linear programming 
applications based on the optimisation of energy systems. A more comprehensive 
model that integrates a large number of economic components with respect to 
MARKAL is the General Equilibrium Model for Energy-Economy-Environment 
interactions (GEM-E3) (Musango 2012). The GEM-E3 model includes the eco-
nomic frameworks used by the World Bank (national accounts and social account-
ing matrix) as well as projections of full input-output tables by country/region, 
employment, balance of payments, public finance and revenues, household con-
sumption, energy use and supply and atmospheric emissions (Capros et al. 1997). 
The GEM-E3 model resembles the structure of Threshold 21 (Bassi 2009), a causal-
descriptive model, where system dynamics is employed and where society, econ-
omy and environment are represented.

Threshold 21 and other system dynamics models are able to combine optimisa-
tion and market behaviour frameworks and the investigation of technology develop-
ment into one integrated framework that represents the causal structure of the 
system (Bassi 2009; Musango 2012). System dynamics models offer a complemen-
tary approach that allows the assessment of renewable energy integration in an 
energy system while concurrently simulating the interaction of a large number of 
feedback loops with major factors in the economy, the society and the environment 
(Musango 2012; Musango et al. 2012). Both scenario analysis and system dynamics 
approaches consider a higher degree of complexity inherent in systems than the 
study of individual projects or technologies. They allow the endogenous complexity 
of energy systems and building future possible pathways into the future to be cap-
tured. This provides useful insights for policymaking to evaluate the impacts of 
alternative energy uptake scenarios. To this end, in this chapter, system dynamics 
modelling is used as a scenario-modelling tool. A detailed overview of the system 
dynamics modelling approach is provided in the following section.

3.2  �System Dynamics Approach

System dynamics can be defined as a methodology used to understand how systems 
change over time. The way in which the elements or variables composing a system 
vary over time is referred to as the behaviour of the system. In the ecosystem exam-
ple, the behaviour is described by the dynamics of population growth and decline. 
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The behaviour changes due to changes in food supply, predators and environment, 
which are all elements of the system (Martin 1997).

A common scientific tool used to investigate patterns and behavioural change 
over time is modelling. A model can be defined as a ‘representation of selected 
aspects of a real system with respect to specific problems(s)’ (Barlas 2007). 
According to this definition, we do not build models of systems, but we build mod-
els of specific aspects of systems to study specific problems.

Therefore, system dynamics modelling is an approach used to study the behav-
iour of complex systems. It aims to demonstrate how policies, decisions, structures 
and delays are interrelated and influence growth and stability. The interrelationships 
create structure, which in turn produces behaviour (Lee and von Tunzelmann 2005). 
Sterman (2000) suggests that dynamic complexity arises because systems are 
dynamic, non-linear, tightly coupled, governed by feedback, history dependent, 
self-organising, adaptive, counter-intuitive, policy-resistant and characterised by 
trade-offs, etc. Dynamic complexity arises from the interaction between agents over 
time. System dynamics is also a problem-solving approach that involves models and 
simulations that examine a variety of relationships between the components of any 
dynamic processes (Sterman 2000).

One major advantage of models is to try things out and analyse their conse-
quences, including experiments that would be impossible, impractical or unethical 
with a real system or in system configurations that do not (yet) exist. For instance, 
studying energy systems often involves recommending alternative policy options 
that can steer the system towards more sustainable modes. Models can be used to 
experiment with the consequences associated with implementing alternative policy 
options. Such experimentation in the real world might involve time delays and/or 
great expense. Also, some alternative policy options may have unperceived negative 
social effects that can be avoided through modelling practices (Sterman 2000).

System thinking advocates stress that the world is a complex system, in which 
we understand that ‘everything is connected with everything else’ in such a way 
that ‘you cannot just do one thing’. This implies that if people had a holistic view 
of the world, they would then act in consonance with the long-term best interests of 
the system as a whole (Sterman 1994). The feedback loop character of system 
dynamics accounts as a concept to aid decision-making processes. In reality, we 
make decisions to alter the real world; we receive information feedback about the 
real world, and, using the new information, we revise our understanding of the 
world and the decisions we make to bring the state of the system closer to our goal 
(Fig. 2.3).

System dynamics modelling approach offers a tool that can capture and address 
the short-term and long-term impacts of decision-makers on the real world. In gen-
eral, the advantage of using system dynamics models is their ability to integrate 
systematically the knowledge about variables and processes of the analysed system 
and to let their interactions generate a phenomenon of interest. With explicit assump-
tions and clarity of causal factors, these models can generate an understanding of 
the operating mechanisms under question.
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4  �Methodology: Development of the Dynamic Model

System dynamics methodology was used to develop four scenarios of renewable 
energy share in Oman’s future energy mix. System dynamics is a methodology, 
originally developed by Jay Forrester and his colleagues at Massachusetts Institute 
of Technology (MIT) in the 1950s. Computer simulation models are used to develop 
models that enable better understanding of complex systems and their dynamic 
behaviour under a given set of conditions or scenarios so that to avoid potential 
negative consequences or prepare for them (Sterman 2000; Ford 2009). In this 
methodology, the dynamic behaviour of the system is assumed to be a result of 
interconnected web of feedback loops. Feedback loops are illustration of connec-
tion between variables, which define a system under question, with causal links. 
They are of two types: positive (also known as reinforcing) and negative (also 
known as balancing). Positive feedback loops enhance or amplify the feedback of 
information. Negative feedback loops are goal seeking and tend to resist change in 
the system.

Vensim software was used to build the scenarios in this research. Vensim allows 
to explore the dynamical behaviour of the system once the variables are identified 
and connected, feedback loops are recognised and the model is ready for simula-
tion. In this study, there are two subsequent steps that were used in order to develop 
the simulation models using Vensim software. These are causal loop diagrams and 
followed by stock-and-flow models based on the modelling process of Ford (2009) 
and Wolstenholme (1990). Once the stock-and-flow models were designed, the 
simulation equations were built in order to connect the variables that identify each 
model in concern.

4.1  �Data Sources

Oman’s high dependence on oil and gas over the last four decades has been associ-
ated with unprecedented challenges such as energy security, employment and 
increasing CO2 emissions (see Sect. 2.2). In this study, these criteria formulate a 
foundation for the model structure.

Quantitative data were collected from different secondary sources including 
Omani governmental documents such as statistical yearbooks issued by the National 

Real World

Information FeedbackDecisions

Fig. 2.3  Feedback process 
in decision-making. 
(Sterman 2000)

2  Socio-economic and Environmental Implications of Renewable Energy Integrity…



28

Center for Statistics and Information, Oman; annual transmission capability state-
ment reports prepared by the Oman Electricity Transmission Company; the Oman 
Power and Water Procurement Company (OPWP) 7-year statement reports; annual 
reports issued by the Authority for Electricity Regulation; and other electronic data-
base like World Bank, US Energy Information Administration (EIA), International 
Energy Agency (IEA), World Resources Institute (WRI), BP Statistical Review of 
World Energy and International Monetary Fund (IMF).

4.2  �Setting the Scenarios

In order to enable estimating the future effects associated with the deployment of 
different renewable energy technologies in Oman’s economic-environmental-social 
contexts, a starting point involved formulating four scenarios for future renewable 
energy deployment in Oman. Given that the maximum power that can be harnessed 
from solar and wind resources account potentially for 48.2% of total electricity 
installed capacity in 2018 (see Sect. 2.3), three renewable energy integrity scenarios 
are proposed along with a business-as-usual scenario. These scenarios assume dif-
ferent trajectories of solar PV, CSP and wind share in Oman’s future total electricity 
installed capacities (Table 2.1), as follows:

•	 Business-as-usual scenario implies that there is no promotion for renewable 
energy policies or implementation of any renewable energy action plans.

•	 Moderate scenario implies 10% of electricity generation is sourced from renew-
able energy sources through 2040.

•	 Advanced scenario implies 30% of electricity generation is sourced from renew-
able energy sources through 2040.

•	 Ambitious scenario implies 50% of electricity generation is sourced from renew-
able energy sources through 2040.

A starting point to build the scenario models was to define a conceptual frame-
work that informs the structure of the model under question. As discussed in Sect. 
2.2, energy security, reduction of CO2 emissions and job creation were defined as 
the most important factors to promote the uptake of renewable energy in Oman 
(Fig.  2.4). These factors formulated boundaries for this research’s model and 
informed the build of an overall conceptual framework which was used to build an 

Table 2.1  Scenarios for renewable energy deployment pathways through 2040

Scenario name
Scenario assumptions
Solar PV Solar CSP Wind Total RE FF

BAU 0% 0% 0% 0% 100%
Moderate 2% 3% 5% 10% 90%
Advanced 10% 10% 10% 30% 70%
Ambitious 10% 20% 20% 50% 50%
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aggregated model structure for scenario analysis for future uptake of renewable 
energy in Oman. In this conceptual framework, the identified policy indicators have 
been classified under three main domains: economic, environmental and social. 
Energy security, for example, is set under the economic domain. This, in turn, inter-
acts with another two domains: social and environmental domains. Under the social 
domain, job creation is considered as the main criterion that represents this domain. 
The environmental domain considers carbon emissions for further assessment. 
Energy security, carbon emissions and job creation are selected as policy indicators 
against which the performance of scenarios will be evaluated.

4.3  �Feedback Loops Representing Intersection 
Between Oman’s Power Sector, Economic, Social 
and Environmental Domains

The use of system dynamics methodologies to build the scenario models comprises 
two main steps: (i) identifying the main feedback loops in the system and (ii) iden-
tifying the stock-and-flows in the system.

In this section, the main feedback loops that represent the intersect between 
Oman’s power sector and economic, social and environmental domains are identi-
fied and presented in Fig. 2.5. The development of the main feedback loops was 
guided by the conceptual framework presented in Fig. 2.4.

Fig. 2.4  A conceptual framework shows the potential contribution of renewable energy technolo-
gies to energy security, job creation and carbon emissions reduction which represent economic, 
social and environmental domains, respectively

2  Socio-economic and Environmental Implications of Renewable Energy Integrity…
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The main assumption of the overall causal loop diagram (Fig. 2.5) is that increas-
ing share of renewable energy investments decreases the share of natural gas-based 
investments (B1), which represents a balancing relationship. Thus, the balancing 
causal loop (B1) represents the interaction between the new renewable energy 
investments and new natural gas-based investments. R2 causal loop indicates a rein-
forcement loop for total electricity production from renewables. That is, the larger 
the investments aimed to increase the renewable energy capacity, the larger electric-
ity production from renewables and hence renewable energy profitability (R2). 
Similarly, R3 causal loop suggests that the larger the investments aimed to increase 
natural gas-based capacity, the larger electricity production from conventional 
sources and hence natural gas-based profitability.

The three modelled domains, i.e. economy, society and environment, with which 
renewable energy interacts are illustrated in red, blue and green, respectively 
(Fig. 2.5, also see Fig. 2.4). The economic domain (in red) is represented by one 
reinforcing loop, R5. As electricity generation from natural gas-based technologies 
increases, the demand for natural gas in power sector increases, leading to decline 
in commodity allocated for export, incentivising natural gas imports, which in 
return creates an incentive to invest in renewables to enhance energy security 
(Fig. 2.5, R5). The social domain (in blue) is represented by one reinforcing loop, 
R2. As total renewable energy installed capacity increases, the desired number of 
jobs in the new sector increases which in return leads to creation of job in both 
installation and operation and maintenances stages of project life cycle (Fig. 2.5, 
R2). The environmental domain (in green) is represented by one balancing loop, B2. 
As electricity generation from natural gas-based technologies increases, natural gas 
consumption by the power sector increases, leading to total increase in CO2 emis-
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sions which in return disincentivises investments in natural gas-based technologies 
and hence incentivises the search for clean energy sources (Fig. 2.5, B2).

5  �Components of the Dynamic Model: Stock-and-Flow 
Diagrams

This section presents the main stock-and-flow diagrams that informed the analysis 
of renewable energy impacts on social, economic and environment domains under 
different scenarios proposed in Sect. 4.2. A starting point for the model develop-
ment was to simulate the supply and demand of Oman’s main national grid power 
system. This is important to forecast the future energy demand as well as future 
desired installed capacity, through 2040 as per this chapter. Therefore, supply and 
demand sub-model were designed (Fig. 2.6).

The supply and demand sub-model consist of two stocks: annual electricity 
demand and total installed capacity. The annual electricity demand (ED) increases 
by changes in electricity demand, which is determined by the electricity demand 
growth rate. Total installed capacity (IC), on the other hand, is determined by the 
investments in the power sector. Investments in the power sector result from the 
desired capacity adjustment, which equals to capacity margin. Capacity margin 
(CM) is calculated, as follows:

	
CM IC ED ED= −( ) / 	

(2.1)

The forecast of desired installed capacity is necessary because it enables to estimate 
the future share of renewable energy in total power generation capacity. In this way, 
it is possible to connect energy security, employment and CO2 emission sub-models 
systematically. These sub-models are explained, as follows.

Capacity margin

Total
installed
capacity

+

investment

Annual
electricity
demand

Desired capacity
adjustment

Changes in
eletricity demand

Electricity demand
growth rate

Fig. 2.6  Supply and demand sub-model
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5.1  �Energy Security Sub-model

Natural gas is the main fuel used to generate electricity for Oman’s main national 
grid. For the main national grid, open cycle gas turbine or combined cycle gas tur-
bine power technologies are the main two types of gas-fired power-generating tech-
nologies (see Sect. 2.1). The sub-model for natural gas use, therefore, calculates the 
total amount of natural gas used to generate electricity for the main national grid in 
Oman under different renewable energy integrity scenarios (Fig.  2.7). This sub-
model evaluates the influence of renewable energy integrity on natural gas 
consumption.

The energy security sub-model consists of three stocks: FF installed capacity, 
total FF electricity production and total natural gas use in BTU.

FF installed capacity (FFIC, in MW) increases by FF investment growth (GFFI, in 
MW/year) and decreases by depreciation rate (DR, in MW/year), as follows:

	
FFIC FFIC DRFFI= +( ) + ∫ −[ ]∗21354 1 06e G dt

	
(2.2)

FF investment growth (GFFI, in MW/year) is calculated by multiplying FF invest-
ment growth rate (GRFFI, in fraction/year) by total installed capacity (IC, in MW):

	 GFFI FFIGR IC= ∗

	 (2.3)

Depreciation rate (DR, in MW/year), on the other hand, is calculated by dividing the 
FF installed capacity (FFIC, in MW) by average technology life (ATL, in years):
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Fig. 2.7  Stock-and-flow diagram for energy security sub-model
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DR

FFIC

ATL
=

	
(2.4)

Total FF electricity production (FFEP, in kWh) is calculated from multiplying FF 
installed capacity (FFIC, in MW) by capacity factor (CF, in 0.48) by 356 days by 
24 hours, as follows:

	 FFEP FFIC CF Days Hours= ∗ ∗ ∗365 24 	 (2.5)

Therefore, the natural gas use in BTU is quantified from multiplying total FF elec-
tricity production (TFFEP, in MWh) by the amount of natural gas used by power 
plant to generate 1kWh of electricity (NGkWh, in BTU/kWh), as follows:

	 NGU TFFEP NGBTU kWh= ∗

	 (2.6)

The amount of natural gas used by power plant to generate 1 kWh of electricity 
depends on the efficiency or heat rate of the power plant and the heat content of the 
fuel. The heat rate is a measure of the efficiency of a generator and is simply the 
amount of energy used by an electrical power plant to generate 1 kWh of electricity. 
The amount of natural gas used by power plant to generate 1 kWh of electricity is 
thus calculated by dividing the BTU content of a kWh of electricity (BTUkWh, in 
BTU/kWh) by the efficiency of the power plant (ENG, in %) as follows:

	 NG BTUkWh kWh NG= / E 	 (2.7)

The parameters and input variables for the energy security sub-model are presented 
in Table 2.2.

5.2  �Employment Sub-model

Renewables contribute to the creation of direct, indirect and induced jobs. The term 
direct jobs refers to jobs related to core activities such as manufacturing, fabrica-
tion, construction, site development, installation and operation and maintenance 
(O&M) (Wei et al. 2010). On the other hand, indirect jobs refer to the jobs created 
within the supply chain supporting a specific renewable energy project such as 

Table 2.2  Parameters used in energy security sub-model

Parameter Type Value Unit Notes/source

BTU content of a kWh of electricity Constant 3412 BTU/kWh US EIA website
Efficiency of power plant Constant 52 % American Electric Power
Power plant capacity factor Constant 48 % US EIA website
Average life of power plant Constant 20 Year Estimated
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extraction and processing of raw materials and the administration at ministries. 
Induced employment commonly refers to jobs created as a result of economic activ-
ities of direct and indirect employees. The wages paid to direct and indirect employ-
ees are spent on goods and service, supporting further employment. In this study, 
however, only direct jobs are calculated. The calculation of indirect jobs is consid-
ered not applicable because renewable energy technologies are not created locally 
but imported. Likewise, given the fact that detailed knowledge of how industries 
link to one another is required and nascent development of renewable energy in 
Oman, the evaluation of induced jobs remains a difficult task.

In order to determine the number of direct jobs that can be created as a result of 
establishing different types of renewable energy power plants in Oman, the job cre-
ation sub-model was designed (Fig. 2.8).

The job creation sub-model consists of two stock variables: capacity under con-
struction and operational generation capacity; and three flows: construction rate, 
completion rate and ageing rate. Thus, the stock of capacity under construction 
(CUC, in MW) increases by construction rate (CNR, in MW/Year) and depletes by 
completion rate (CMR, in MW/Year). Similarly, operational generation capacity 
(OGC, in MW) increases by completion rate (CR, in MW/Year) and decreases by 
ageing rate (AR, in MW/Year), as follows:

	
CUC CUC CNR CMR= ( ) + ∫ −[ ]0 dt

	
(2.8)

	
OGC OGC CR AR= ( ) + ∫ −[ ]0 dt

	
(2.9)

The creation of renewable energy installation jobs is associated with the project 
construction. Therefore, the number of renewable energy installation jobs is calcu-
lated by multiplying capacity under construction (CUC, in MW) by the installation 
employment factor (IEF), as follows:
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Fig. 2.8  The stock-and-flow diagram of job creation sub-model. Solar PV sub-model is shown for 
illustration
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	 IJ CUC IEF= × 	 (2.10)

Similarly, the creation of renewable energy operation and maintenance (O&M) jobs 
is associated with the project operational generation capacity. Therefore, the num-
ber of renewable energy O&M jobs is calculated by multiplying operational genera-
tion capacity (OGC, in MW) by the O&M employment factor (OMEF), as 
follows:

	 OMJ OGC OMEF= × 	 (2.11)

Based on the above stock-and-flow diagram structure, which represents the solar 
PV technology only, three job creation sub-models for three types of renewable 
energy technologies are explored and developed in this chapter (i.e. PV, CSP and 
wind technologies). The parameters that represent the values for each technology 
type are shown in Table 2.3. Given the fact that renewable energy development in 
Oman is relatively nascent, employment factors, which vary by technology as well 
as location, are not available for Oman. Therefore, employment factors identified in 
Blyth et al. (2014), which apply to European countries that have different macro-
economic conditions than Oman, are used for the purpose of exploring possibilities 
for Oman.

5.3  �CO2 Emission Sub-model

The reduction of natural gas consumption under different scenarios, as quantified in 
in the energy security sub-model, has environmental advantages in terms of reduc-
ing CO2 emissions. The quantification of natural gas use under different scenarios 
enables the quantification of the amount of CO2 emissions generated under different 
scenarios due to renewable energy integrity. The CO2 emission sub-model, there-
fore, calculates the reduction of CO2 emissions as a result of reducing natural gas 
used to generate electricity under different scenarios of renewable energy integrity 
(Fig. 2.9).

The CO2 emission sub-model (Fig. 2.9) consists of two stocks: total natural gas 
use in mmBTU (NGUBTU) and total CO2 emissions ( EmissionsCO2

,  in kg). The stock 

Table 2.3  Parameters used in job creation sub-models for three types of technologies: solar PV, 
CSP and wind technology

Parameter Type Value Unit Notes/Source

Solar PV O&M employment factor Constant 0.3 Jobs/MW (Blyth et al. 2014)
Solar PV installation employment factor Constant 13.2 Jobs/MW (Blyth et al. 2014)
Solar CSP O&M jobs/MW Constant 0.5 Jobs/MW (Blyth et al. 2014)
Solar CSP installation employment factor Constant 10.2 Jobs/MW (Blyth et al. 2014)
Wind O&M employment factor Constant 0.2 Jobs/MW (Blyth et al. 2014)
Wind installation employment factor Constant 1.3 Jobs/MW (Blyth et al. 2014)
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of total natural gas use in mmBTU (NGUmmBTU) has been already identified and 
quantified in the energy security sub-model (see Sect. 5.1).

The stock of total CO2 emissions ( EmissionsCO2
, in kg) has two flows, inflow of 

CO2 emission generation (GenerationCO2
 in kg/year) and outflow of CO2 emission 

decomposition (DecompositionCO2
 in kg/year). Thus, the stock of total CO2 emis-

sion is increased by CO2 emission generation (GenerationCO2
 in kg/Year) and 

decreased by CO2 emission decomposition (DecompositionCO2
 in kg/Year), as 

follows:

	

EmissionsCO EmissionsCO

Generation DecomCO

2 2 1 8652 10

2

= +( )
+ ∫ −

. e

ppositionCO2
  dt 	

(2.12)

CO2 emission generation (GenerationCO2
 in kg/year) is determined by multiply-

ing CO2 emission coefficient per fuel (in kg/MWh) by total natural gas use per year 
(TNGUmmBTU, in mmBTU/year), by the factor 0.293, which converts the NGUmmBTU 
value from mmBTU to MWh and is given as:

	
Generation CO EmissionsCoefficient NGUCO mmBTU2 2 0 293= × × .

	
(2.13)

The parameters and input variables for the CO2 emission sub-model are presented 
in Table 2.4.

6  �Socio-economic and Environmental Implications 
of Renewable Energy Integrity in Oman

The performance of renewable energy scenarios in relation to economy, environ-
ment and society are discussed as follows.
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Fig. 2.9  The stock-and-flow diagram of the air emission sub-model
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6.1  �Energy Security

A major concern in low-carbon energy transitions is their implication to energy 
security. In this study, the use of renewable energy, namely, solar and wind, proved 
to enhance energy security via replacing the use of natural gas to meet the increas-
ing power demands.

In the business-as-usual scenario, wherein no renewable energy is integrated, the 
use of natural gas for electricity generation was expected to increase by 28% by 
2050 compared with 2010. On the other hand, the use of natural gas declined in all 
other three scenarios compared with the business-as-usual scenario (Eqs. 2.6 and 
2.7) due to increase of the share of renewable energy in power generation. Under the 
moderate scenario, natural gas use was reduced by almost 27% in 2040 compared 
to the business-as-usual scenario; the advanced scenario suggests a decline by 
almost 46% in 2040; and over 64% reduction is estimated by the ambitious scenario 
in 2040, compared to the business-as-usual scenario (Table 2.5 and Fig. 2.10).

6.2  �Employment

The simulation output for the social indicator is presented in Fig. 2.11. Given the 
increase in the renewable energy share in the moderate, advanced and ambitious 
scenarios, the employment in installation and operation and maintenance of renew-
able energy technology increases correspondingly (Eqs. 2.10 and 2.11).

Solar CSP provides the largest number of jobs over time compared with other 
technologies, namely, solar PV and wind technologies. Since there is no installation 
of renewable energy technologies in Oman in 2018, the total number of jobs is pro-
posed to steadily increase after 2018 through 2040 (Fig. 2.11). Since there is no 
deployment of renewable energy in the business-as-usual scenario, there are not any 
jobs associated with renewable energy technologies in this scenario. However, the 
deployment of renewable energy technologies may adversely impact the number of 
jobs provided by the fossil fuel sector. This calculation, however, is not included in 
our models since it goes beyond the aims of this chapter.

For all types of technologies, ambitious and advanced scenarios suggest more 
installation and O&M job creation compared to the moderate scenario due to the 
increasing share of renewable energy in the power generation. Yet, in all scenarios, 

Table 2.4  Parameters used in CO2 emission sub-model

Parameter Type Value Unit Notes/source

CO2 emission coefficient Constant 181.08 kg /MWh US EIA website
Emission decomposition rate Constant 0.1% Fraction/

year
Assumed

Total CO2 emission initial 
value

Constant 1.8652e+10 kg World Resources 
Institute
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the installation jobs decline due to the end of the power plant construction period 
(Eqs. 2.8 and 2.10). Operation and maintenance jobs, on the other hand, start to 
increase by the completion of power plant construction but start to decline due to the 
ageing of the power plant (Eqs. 2.9 and 2.11) (Fig. 2.11).

6.3  �CO2 Emissions

All scenarios show a steady upwards trend in the total CO2 emissions produced 
from electricity generation through 2040 (Eqs. 2.12 and 2.13). The reason is that, in 
all scenarios, natural gas continues to constitute a proportion of electricity genera-
tion mix.

The business-as-usual scenario, wherein no renewables are considered in elec-
tricity generation, shows the highest exponential growth in the total CO2 emissions 
through 2040, compared with all other scenarios. In this scenario, under the current 
growth rate of natural gas consumption for power generation, the total CO2 emis-
sions are expected to rise by 400% in 2040 if no renewables are developed.

All other scenarios, on the other hand, contribute to a relative reduction in total 
CO2 emissions sourced from power generation because of the integration of renew-

Table 2.5  Average reduction of natural gas use in power generation under different scenarios 
compared to business-as-usual scenario

Scenario 2020 2030 2040

Moderate −10% −24% −27%
Advanced −17% −40% −46%
Ambitious −24% −56% −64%

Total natural gas use in mmBTU
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Fig. 2.10  Projection of natural gas use in power generation under four scenarios in 2010–2040
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able energy technologies (Table  2.6 and Fig.  2.12). In the moderate scenario, 
wherein the share of renewable energy accounts for 10% of total power generation, 
the total CO2 emissions are reduced by more than 20% in 2040, compared to the 
business-as-usual scenario. The advanced scenario shows a reduction of the total 
CO2 emissions by over than 40% in 2040, compared to the business-as-usual 
scenario.

The ambitious scenario, on the other hand, shows a major reduction in total CO2 
emissions compared with the other scenarios due to the dominance of renewable 
energy technologies in the power generation. About 58% of this reduction is 
achieved using 10% solar PV, 20% solar CSP and 20% of wind turbine technologies 
as well as reducing the natural gas use by more than 60% in 2040, compared to the 
business-as-usual scenario (Table 2.6 and Fig. 2.12).
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Fig. 2.11  Total number of installation and O&M jobs per year created by each type of renewable 
energy technology 2020–2040
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7  �Model Verification and Validation

System dynamics models need to be subjected to two types of tests: structural valid-
ity tests and behavioural validity tests (Barlas 1989). Structural validity tests aim to 
determine whether the structure of the model is an acceptable representation of the 
actual system structure. Behaviour validity tests aim to determine whether the 
model is able to produce an output behaviour that is close enough to the behaviour 
of the actual system.

7.1  �Structural Validity Tests

Four tests were conducted to validate the structure of the model: boundary ade-
quacy, structure verification, dimensional consistency and parameter verification 
(Qudrat-Ullah and Seong 2010). These are discussed in detail, as follows.

Boundary adequacy and structure verification tests were conducted during the 
initial stage of model development, i.e. the development of conceptual model. In 
terms of boundary adequacy, energy security, reduction of CO2 emissions and job 
creation were defined as the most important variables which formulate the boundary 
of this chapter’s model (see Sect. 2). Thus, all variables associated with energy 

Table 2.6  Percentage of CO2 emission reduction by scenario compared to BAU scenario

Scenario 2020 2030 2040

Moderate −12% −23% −25%
Advanced −7% −32% −41%
Ambitious −9% −45% −58%

Total CO2 emissions
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Fig. 2.12  Total CO2 emissions (in kilogrammes) resulting from natural gas used for power genera-
tion in Oman through 2050 under four scenarios
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security, reduction of CO2 emissions and job creation were generated endogenously 
(see Fig. 2.5). Energy demand was the only exogenous variable (see Fig. 2.5).

For the structure verification of our model, country-specific data of Oman was 
utilised to construct the model (see Sects. 2, 4.1 and 4.2). The conceptual model is 
represented by a causal loop diagram, as depicted in Fig. 2.5. The causal relation-
ships developed in the model were based on the available knowledge about the real 
system (see Sect. 4.3).

Furthermore, two tests were conducted during the stage of model’s stock-and-
flow development (see Sect. 5). These are dimensional consistency and parameter 
verification. Dimensional consistency test requires that each mathematical equation 
in the model be tested if the measurement units all the variables and constants 
involved are dimensionally consistent (Qudrat-Ullah and Seong 2010). Dimensional 
consistency of each of the mathematical equations used in the model was checked. 
For instance, Eq.  2.5 was used to calculate the annual electricity production, as 
follows:

	 FFEP FFIC CF Days Hours= ∗ ∗ ∗365 24 	

This equation suggests that annual fossil fuel-based electricity production 
(FFEP) is dependent on two factors: (i) FF installed capacity (FFIC) and (ii) capac-
ity factor (CF). To ensure dimensional consistency, the value of FFIC was estimated 
based on the installed capacity of natural gas-based electricity in Oman (in MW) 
over a period of time equals to a year (in days/year multiplied by hours/days). The 
capacity factor of natural gas-based power plants in Oman was estimated at value of 
0.48 (dimensionless). Thus the dimensional analysis of the equation above is:

	
MWh Year MW dimensionless days Year hours days/ / /= ( )∗( )∗( )∗

	

To ensure parameter verification, the values assigned to the model parameters 
were sourced from the existing knowledge and numerical data from Oman’s case 
(see Sect. 4.1, Tables 2.2 and 2.4). In some cases, however, where Oman’s specific 
data were not available, external sources of data were utilised to serve the quest of 
the model. Employment factor is one example of such external data (see Table 2.3).

Based on these tests, the structure of the model was deemed appropriate.

7.2  �Behavioural Validity Tests

To ensure behavioural validity and to build on the confidence gained from the valid-
ity of the model structure, two transient behaviour tests were carried out to measure 
how accurately major behavioural patterns in the real world can be reproduced by 
the model. According to Barlas (1996), the use of graphical or visual measures of 
typical behaviour features is adequate to validating a model in terms of behaviour. 
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Firstly, since the modelling was carried out using the Vensim software, the extreme 
condition testing provided by its ‘reality check’ feature was used. In this process all 
‘if/then’ statements according to the relationships between variables are compared 
with the model simulations, and their conformance with the anticipated behaviour 
based on the model is checked (Gallati 2008), and this shows a conformance with 
the conceptual model.

Secondly, in the scenario description, we demonstrated that the trajectories for 
the base scenario remains essentially unchanged under different iterations, for 
example, in the employment sub-model (see Sect. 6.2) where there are substantial 
changes to the social indicators under different scenarios, the base scenario remains 
the same. This sensitivity analysis shows that the typical behaviour features of the 
model are valid enough for results to be communicated based on the model simula-
tion. Therefore, once the model was operational, validity tests were conducted to 
compare the model-generated behaviour to the observed behaviour of the real sys-
tem. Comparing the output data from a system dynamics-based simulation model 
with corresponding data from the real world can be done in different ways (Barlas 
1989; Qudrat-Ullah 2008). In this chapter, the mean square error (MSE) analysis 
and the root mean squared percent error (RMSPE) were used to evaluate the behav-
iour of the model. The MSE provides a measure of the total error, and the RMSPE 
provides a normalised measure of the magnitude of the error. The simulation of the 
model started from 2010, providing 8 years of simulated data to compare to the 
actual behaviour of the electricity demand in Oman (Fig. 2.13). The error analyses 
in terms of the MSE and the RMSPE were 0.00039561 and 3%, respectively. The 
RMS percent error of 3% means that the variable replicates the behaviour accu-
rately, an indication of high confidence in the model.
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8  �Conclusions

This chapter provided a specific focus on building a methodological basis for envi-
ronmental and macroeconomic impacts of renewable energy deployment in Oman. 
The developed scenarios are promising to inform the future impacts of renewable 
energy deployment in Oman as well as supporting renewable energy policymaking 
in Oman.

The assessment of prospective long-term impacts of renewable energy uptake in 
Oman in relation to the domains of environment, economy and society has been 
achieved by developing four scenarios in order to bring about different insights into 
the possible transition pathways for renewable energy uptake in Oman to 2040. The 
first scenario, business-as-usual, was used as a reference scenario in which no 
renewables are considered. The second scenario, the moderate scenario, considers a 
30% share of renewable energy in electricity generation by 2040. The third and 
fourth scenarios consider 50% and 70% shares of renewable energy in electricity 
generation by 2040, respectively.

The scenarios were developed through two steps: causal loop diagrams, followed 
by stock-and-flow sub-models. Causal loop diagrams revealed the interlinkage 
between renewable energy technology deployment and environmental, economic 
and social domains which represented the carbon emissions, energy security and job 
creation policy indicators, respectively. In order to enable the simulation of causal 
loop diagrams, three stock-and-flow sub-models have been developed  – air 
emissions, natural gas saving and job creation – against which the performance of 
the scenarios was measured.

Based on the simulation results for long-term energy scenarios, the following 
conclusions can be drawn:

•	 It was determined that the dominant factors affecting the promotion of renewable 
energy in Oman are the economic indicators of gas savings, an environmental 
indicator of total CO2 emissions and a social indicator of job creation. These fac-
tors influence the government’s desire to invest in renewable electricity 
generation.

•	 The economic indicator analysis ascertained that Oman’s reliance on fossil fuel-
based electricity may bring future challenges in the event of substantial increases 
in electricity demand, the limited availability of domestic fossil fuel resources 
and substantial energy import price increases. Instead, renewable energy deploy-
ment can enhance the economy, either through the security of energy supply by 
saving fossil fuel resources for future use or through freeing natural gas resources 
used in power generation for export sales or other uses like industrialisation.

•	 The simulation analysis of environmental indicators suggests that policymakers 
should consider future mitigation of adverse environmental consequences that 
might emerge from continuous use of fossil fuel resources in power generation, 
as illustrated in the CO2 emission scenarios.
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•	 The simulation analysis of social indicators suggests that there is a need to con-
sider the deployment of alternative energy sources like renewables due to the 
potential number of green jobs that can be created throughout the renewable 
energy life cycle.

Acknowledgements  Special thanks to all people who spared the time to discuss the work on the 
model. Thanks are due to my colleagues at Imperial College London: Dr. Judith A. Cherni, Dr. 
Marcello Contestabile, Dr. Adam Hawkes and two other anonymous colleagues.

References

AER (2008). Study on renewable energy resources. Authority for Electricity Regulation, Oman.
AER (2011). Annual Report 2011. Authority for Electricity Regulation, Muscat, Oman. Available 

from: http://www.aer-oman.org/pdfs/Annual%20Report%202011%20-%20Eng.pdf. Accessed 
4 Feb 2013.

AER (2013). Annual Report 2013. Authority for Electricity Regulation, Muscat, Oman. Available 
from: http://www.aer-oman.org/pdfs/Annual%20Report%202013%20-%20Ar.pdf. Accessed 4 
Feb 2013.

AER (2017). Annual Report 2017. Authority for Electricity Regulation, Muscat, Oman. Available 
from: http://www.aer-oman.org/pdfs/AERO_Annual_Report_2017_Eng.pdf. Accessed 4 Feb 
2018.

Alawaji, S. H. (2001). Evaluation of solar energy research and its applications in Saudi Arabia — 
20 years of experience. Renewable and Sustainable Energy Reviews, 5(1), 59–77.

Al-Karaghouli, A. (2007). Current status of renewable energies in the Middle East–North African 
Region. UNEP/ROWA.

Allen, C. H., & Rigsbee, W. L. (2000). Oman under Qaboos: From coup to constitution 1970–
1996. London: Frank Cass Publisher.

Al-mulali, U. (2011). Oil consumption, CO2 emission and economic growth in MENA countries. 
Energy, 36(10), 6165–6171.

Al-Saqlawi, J.  (2017). Residential roof-top solar PV systems: Techno-economic feasibility and 
enviro-economic impacts. PhD Thesis. Imperial College London. Available from: http://hdl.
handle.net/10044/1/58104.

Anagreh, Y., & Bataineh, A. (2011). Renewable energy potential assessment in Jordan. Renewable 
and Sustainable Energy Reviews, 15, 2232–2239.

Arouri, M., Youssef, A., M’henni, H., & Rault, C. (2012). Energy consumption, economic growth 
and CO2 emissions in Middle East and North African countries. Energy Policy, 45, 342–349.

Barlas, Y. (1989). Multiple tests for validation of system dynamics type of simulation models. 
European Journal of Operational Research, 42(1), 59–87.

Barlas, Y. (1996). Formal aspects of model validity and validation in system dynamics. System 
Dynamics Review, 12(3), 183–210.

Barlas, Y. (2007). System dynamics: Systemic feedback modeling for policy analysis. Istanbul: 
Industrial Engineering Department, Bogv aziçi University.

Bassi, A. (2009). An integrated approach to support energy policy formulation and evaluation. PhD 
Thesis. The University of Bergen. Available from: http://hdl.handle.net/1956/3662.

Bataineh, K. M., & Dalalah, D. (2013). Assessment of wind energy potential for selected areas in 
Jordan. Renewable Energy, 59, 75–81.

Bhattacharyya, S. (2011). Energy economics: Concepts, issues, markets and governance. London: 
Springer.

A. Al-Sarihi and H. Bello

http://www.aer-oman.org/pdfs/Annual Report 2011 - Eng.pdf
http://www.aer-oman.org/pdfs/Annual Report 2013 - Ar.pdf
http://www.aer-oman.org/pdfs/AERO_Annual_Report_2017_Eng.pdf
http://hdl.handle.net/10044/1/58104
http://hdl.handle.net/10044/1/58104
http://hdl.handle.net/1956/3662


45

Bilen, K., Ozyurt, O., Bakirci, K., Karsli, S., Erdogan, S., Yilmaz, M., & Comakli, O. (2008). 
Energy production, consumption, and environmental pollution for sustainable development: A 
case study in Turkey. Renewable and Sustainable Energy Reviews., 12, 1529–1561.

Blyth, W., Gross, R., Speirs, J., Sorrell, S., Nicholls, J., Dorgan, A., Hughes, N. (2014). Low 
carbon jobs: The evidence for net job creation from policy support for energy efficiency and 
renewable energy. UKERC Technology & Policy Assessment Function. UK Energy Research 
Centre.

Brundtland, G.  H. (1987). World commission on environment and development. Our common 
future (pp. 8–9). New York: Oxford University Press.

Capros, P., Georgakopoulos, P., Van Regemorter, D., Proost, S., Schmidt, T., Conrad, K. (1997). 
“European Union: The GEM-E3 general equilibrium model”. Economic and financial model-
ling. Special Double Issue.

Chiu, C. L., & Chang, T. H. (2009). What proportion of renewable energy supplies is needed to ini-
tially mitigate CO2 emissions in OECD member countries? Renewable and Sustainable Energy 
Reviews., 13(6–7), 1669–1674.

Connolly, D., Lund, H., Mathiesen, B. V., & Leahy, M. (2010). A review of computer tools for 
analysing the integration of renewable energy into various energy systems. Applied Energy, 
87(4), 1059–1082.

EIA, U.S (2013). Energy Information Administration (EIA). http://www.eia.gov/. Accessed 24 
July 2014.

El Fadel, M., Rachid, G., El-Samra, R., Bou Boutros, G., & Hashisho, J. (2013). Emissions reduc-
tion and economic implications of renewable energy market penetration of power generation 
for residential consumption in the MENA region. Energy Policy, 52, 618–627.

El-Katiri, L. (2014). A roadmap for renewable energy in the Middle East and North Africa. Oxford: 
Oxford Institute for Energy Studies.

Ford, A. (2009). Modeling the environment (2nd ed.). Washington, D.C.: Island Press.
Fragkos, P., Kouvaritakis, N., & Capros, P. (2013). Model-based analysis of the future strategies 

for the MENA energy system. Energy Strategy Reviews., 2(1), 59–70.
Gallati, J. (2008). Towards an improved understanding of collective irrigation management: A sys-

tem dynamics approach. PhD Thesis. The University of Bern. Available from: http://citeseerx.
ist.psu.edu/viewdoc/download?doi=10.1.1.444.4866&rep=rep1&type=pdf.

Ghorashi, A. H., & Rahimi, A. (2011). Renewable and non-renewable energy status in Iran: Art of 
know-how and technology-gaps. Renewable and Sustainable Energy Reviews., 15, 729–736.

Hudson, E., & Jorgenson, D. (1974). U.  S. energy policy and economic growth, 1975-2000. 
The Bell Journal of Economics and Management Science, 5(2), 461–514. https://doi.
org/10.2307/3003118.

IBP Inc. (2015) Oman energy policy, laws and regulations handbook volume 1 strategic informa-
tion and basic laws. Illustrate. Washington DC, USA: International Business Publication.

IRENA. (2016). Renewable energy market analysis: The GCC Region. Abu Dhabi: International 
Renewable Energy Agency.

Lee, T.-L., & von Tunzelmann, N. (2005). A dynamic analytic approach to national innovation 
systems: The IC industry in Taiwan. Research Policy, 34(4), 425–440.

Lund, H. (2007). Renewable energy strategies for sustainable development. Energy, 32(6), 
912–919.

Martin, L.  A. (1997). Road map 2: Beginner modelling exercise (MIT System Dynamics in 
Education Project). MIT: Creative Learning Exchange. Retrieved from http:// www.clex-
change.org/curriculum/roadmaps/ Aceess date: 28 August 2018

Musango, J. (2012). Technology assessment of renewable energy sustainability in South Africa. 
PhD Thesis. University of Stellenbosch. Available from: http://hdl.handle.net/10019.1/18149.

Musango, J. K., Brent, A. C., Amigun, B., Pretorius, L., & Müller, H. (2012). A system dynamics 
approach to technology sustainability assessment: The case of biodiesel developments in South 
Africa. Technovation, 32(11), 639–651.

2  Socio-economic and Environmental Implications of Renewable Energy Integrity…

http://www.eia.gov/
http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.444.4866&rep=rep1&type=pdf
http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.444.4866&rep=rep1&type=pdf
https://doi.org/10.2307/3003118
https://doi.org/10.2307/3003118
http://hdl.handle.net/10019.1/18149


46

Nalan, Ç. B., Murat, Ö., & Nuri, Ö. (2009). Renewable energy market conditions and barriers in 
Turkey. Renewable and Sustainable Energy Reviews, 13(6–7), 1428–1436.

NCSI. (2012). Statistical year book. Muscat: National Centre for Statistics and Information.
NCSI. (2015). Statistical year book. Muscat: National Centre for Statistics and Information.
NCSI. (2018). Statistical year book. Muscat: National Centre for Statistics and Information.
OPWP. (2014). OPWP’s 7-year statement 2014-2020. Muscat: Oman Power and Water 

Procurement Company.
OPWP. (2015). OPWP’s 7-year statement report 2015–2021. Muscat: Oman Power and Water 

Procurement Company.
Pachauri, R., & Srivastava, L. (1988). Integrated energy planning in India: A modeling approach. 

The Energy Journal, 9(4), 35–48.
Prabhu, C. (2018). New environmental policy for Oman’s energy sector. Oman Observer. Available 

from: http://www.omanobserver.om/new-environmental-policy-for-omans-energy-sector/. 
Accessed 8 July 2018.

Qudrat-Ullah, H. (2008). Behavior validity of a simulation model for sustainable development. 
International Journal of Management and Decision Making, 9(2), 129–139.

Qudrat-Ullah, H., & Seong, B. S. (2010). How to do structural validity of a system dynamics type 
simulation model: The case of an energy policy model. Energy Policy, 38(5), 2216–2224.

Royal Decree 78/2004. (2004). The law for the regulation and privatisation of the electricity and 
related water sector. Oman: The Oman Power and Water Procurement Company.

Sterman, J. (1994). Learning in and about complex systems. System Dynamics Review, 10(2–3), 
291–330. Summer - Autumn (Fall) 1994.

Sterman, J.  (2000). Business dynamics: Systems thinking and modeling for a complex world. 
Boston: McGraw-Hill Education.

Viswanathan, G. (2017) “Sahim” scheme to power homes by solar energy, Times of Oman. 
Available from: http://timesofoman.com/article/109724/Oman/Solar-energy-initiative-
‘Sahim’-launched-in-Oman. Accessed 20 April 2018.

Wei, M., Patadia, S., & Kammen, D.  M. (2010). Putting renewables and energy efficiency to 
work: How many jobs can the clean energy industry generate in the US? Energy Policy, 38(2), 
919–931.

Wolstenholme, E.  F. (1990). System enquiry: A system dynamics approach. Illustrate. Wiley, 
New York, NY, USA: John Wiley & Sons, Inc.

World Bank (2013a). Population, total: Oman. Available from: https://data.worldbank.org/indica-
tor/SP.POP.TOTL?locations=OM&view=chart. Accessed 16 Aug 2015.

World Bank (2013b). World Development Indicators. 2013. CO2 emissions (metric tons per cap-
ita). Available from: https://data.worldbank.org/indicator/EN.ATM.CO2E.PC. Accessed 22 
July 2015.

World Resource Institute (2014). CAIT – Country Greenhouse Gas Emissions Data: Oman. 2014. 
Available from: http://cait.wri.org/profile/Oman. Accessed 22 Nov 2015.

A. Al-Sarihi and H. Bello

http://www.omanobserver.om/new-environmental-policy-for-omans-energy-sector/
http://timesofoman.com/article/109724/Oman/Solar-energy-initiative-’Sahim’-launched-in-Oman
http://timesofoman.com/article/109724/Oman/Solar-energy-initiative-’Sahim’-launched-in-Oman
https://data.worldbank.org/indicator/SP.POP.TOTL?locations=OM&view=chart
https://data.worldbank.org/indicator/SP.POP.TOTL?locations=OM&view=chart
https://data.worldbank.org/indicator/EN.ATM.CO2E.PC
http://cait.wri.org/profile/Oman

	Chapter 2: Socio-economic and Environmental Implications of Renewable Energy Integrity in Oman: Scenario Modelling Using System Dynamics Approach
	1 Introduction
	2 Oman: Power Sector and Renewable Energy
	2.1 Fossil Fuels and Oman’s Electric Power Sector (1970s–2018)
	2.2 Rising Energy Challenges
	2.3 The Current Status of Renewable Energy in Oman

	3 Scenario Modelling Approaches
	3.1 From Linear to System Thinking
	3.2 System Dynamics Approach

	4 Methodology: Development of the Dynamic Model
	4.1 Data Sources
	4.2 Setting the Scenarios
	4.3 Feedback Loops Representing Intersection Between Oman’s Power Sector, Economic, Social and Environmental Domains

	5 Components of the Dynamic Model: Stock-and-Flow Diagrams
	5.1 Energy Security Sub-model
	5.2 Employment Sub-model
	5.3 CO2 Emission Sub-model

	6 Socio-economic and Environmental Implications of Renewable Energy Integrity in Oman
	6.1 Energy Security
	6.2 Employment
	6.3 CO2 Emissions

	7 Model Verification and Validation
	7.1 Structural Validity Tests
	7.2 Behavioural Validity Tests

	8 Conclusions
	References




